Genes involved in late specification of the mandibular arch, the source of the vertebrate jaw, are expressed with similar patterns in the oral regions of chick and lamprey embryos. However, morphological comparisons indicate that apparently orthologous homeobox genes were expressed in different subdivisions of the ectomesenchyme in the two species. Therefore, the homology and gene expression of the oral region are uncoupled during the transition from agnathan to gnathostome; we conclude that a heterotopic shift of tissue interaction was involved in the evolution of the jaw.
Conventional comparative anatomy assumes that the vertebrate jaw was acquired through modification of the mandibular arch, the most rostral element of the pharyngeal arches ( Fig.  1A) : In primitive vertebrates, the arches resembled one another, showing no specialization. The mandibular arch was then dorsoventrally subdivided and enlarged to differentiate the upper and lower jaw cartilages (Fig. 1A, right) . However, the larval oral apparatus in the lamprey, a jawless vertebrate (agnathan), exhibits well-differentiated upper and lower lips for which morphologic homologies (1) with the jaws are not certain (2) (Fig. 1B) . Moreover, the early embryonic pattern of the lamprey is very similar to that of the jawed vertebrates (gnathostomes): Homologous patterns are seen in the global deployment of crest cells (3), in the configuration of the mesoderm (4), and even in the expression of some regulatory genes, including Otx, a gene involved in gnathostome jaw development (5, 6) . During development of the amniote mandibular arch, Dlx and Msx homeobox genes are expressed in an overlapping fashion in the crest-derived ectomesenchyme, and they prefigure the proximal-distal axis of the mandibular arch (Fig. 1C) (7, 8) . These genes are regulated through epithelial-mesenchymal interactions (9), downstream of growth factors secreted by the epidermis (7, 8) . In the chick late pharyngula, a growth factor-encoding gene, cFgf8, is expressed in the perioral epidermis (Fig. 1D) , and its target gene, cDlx1, is expressed in the subadjacent ectomesenchyme ( Fig. 1E) (10) . Another growth factor, cBmp4, is expressed in the distal epidermis of the upper and lower jaws (Fig.  1F) ; its downstream gene, cMsx1, is expressed in the distal ectomesenchyme (Fig.  1G) .
We isolated the above gene cognates from a cDNA library of the Japanese lamprey, Lampetra japonica, and observed their expression patterns in the embryonic oral region. Molecular phylogenetic analyses have indicated that the isolated genes, termed LjFgf8/17 (designated Lj for Lampetra japonica), LjDlx1/6 (11), LjBmp2/4a, and LjMsxA, correspond to the above-listed gnathostome genes (12). In situ hybridization (10) showed that LjFgf8/17 was expressed in the perioral epidermis (Fig. 1H ), LjDlx1/6 was expressed in the ectomesenchyme subadjacent to the LjFgf8/17-expressing epidermis (Fig. 1I ), LjBmp2/4a was expressed in the distal epidermis of the upper and lower lips (Fig. 1J) , and LjMsxA was expressed in the mesenchyme subadjacent to LjBmp2/4a-expressing epidermis (Fig. 1K) .
To determine whether the above gene expression patterns were based on conserved signaling cascades, we applied FGF8 and BMP4 proteins ectopically to early lamprey embryos. We showed that both proteins were able to up-regulate the endogenous lamprey putative target genes (Fig. 1 , L and M) (13) . Thus, the molecular cascades of the growth factors and their target homeobox genes are likely to be conserved between lampreys and gnathostomes. Furthermore, LjDlx1/6 and LjMsxA are likely to be up-regulated through epithelial-mesenchymal interactions as in amniote embryos.
The above findings appear to support morphological homologies between lamprey larval lips and gnathostome jaws. To substantiate this, we labeled the premigratory neural crest of lamprey embryos with the lipophilic dye 1,1-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI, Molecular Probes, Eugene, OR) to map the origins of the oral ectomesenchyme (14) . We found that the upper and lower lip-forming crest cells were derived from the forebrain to hindbrain areas ( Fig. 2 ) more extensively than those in the gnathostome mandibular arch (15) . In particular, the upper lip cells were derived mostly from the forebrain and rostral midbrain (Fig. 2, A and C) , like the premandibular region of amniotes (15) (16) (17) . Thus, the distribution of the ectomesenchyme is not simply comparable between the lamprey and gnathostomes based on the crest cell origins, and neural crest mapping is insufficient to establish homology of crest cell subpopulations. Rather, morphological analysis should reveal topographical relationships of cell populations, which form the basis for embryonic induction (1) .
As discussed previously (2), three topographically comparable regions can be recognized in the rostral ectomesenchyme of the lamprey and gnathostome embryos: namely, the nasal, postoptic, and mandibular regions. These are not arbitrary divisions, because each ectomesenchymal region is associated with distinct, shared embryonic structures (Fig. 3, A and B) . The upper lip in the lamprey is a postoptic derivative that lies lateral to the premandibular mesoderm (Fig. 3, A and B) (2) . The equivalent ectomesenchymal portion in gnathostomes corresponds to the site of prechordal cranium (18) and not to the upper jaw (2) . Thus, the oral region in the lamprey is most probably a composite of the mandibular arch and postoptic ectomesenchyme, and the morphological homology between the upper lip and upper jaw is unlikely (2). This also leads to the conclusion that the Dlx1 cognates are expressed in different parts of the ectomesenchyme between the lamprey and gnathostomes (Fig. 3, C and  D) . This difference in spatial gene expression patterns may be due to the varied distribution of the FGF8 molecules in the epidermis (Fig.  3, C and D) . Actually, by applying the FGF8 recombinant protein to the postoptic region of the chick embryo (Fig. 3E) (15) , we obtained a lamprey-like expression pattern of cDlx1 in the experimental embryo (compare Fig. 3G with Fig. 3F) .
We hypothesize that the origin of neural crest-derived ectomesenchyme in a vertebrate ancestor resulted in the increased importance of growth factor-mediated tissue interactions (19) . FGF8/17-and BMP2/4-mediated molecular cascades would have already been functional in the ancestral animal. The shared molecular cascades for oral patterning between lampreys and gnathostomes imply that a part of the developmental mech- Patterning of crest cells is compared between lampreys and gnathostomes. In both the animals, the ectomesenchyme contains postoptic (po) and mandibular arch (ma) subdomains. Growth factors secreted by the epidermis (blue line) induce target homeobox genes (pink and blue) in the entire lamprey ectomesenchyme, whereas in gnathostomes the same signaling is effective only in the mandibular component. Thus, the phenotypically similar protrusions originate from nonequivalent cell populations in the two animals. Heterotopic shift of epithelial-mesenchymal interactions is assumed to be behind this difference. The postoptic crest cells occupy the site of prechordal cranium ( prc) in gnathostomes. Broken lines indicate the boundary between postoptic ( po) and mandibular (ma) ectomesenchyme. (Bottom) The evolutionary sequence of the changes in developmental patterning is summarized on the phylogenetic tree. The vertebrate ancestor had acquired neural crest-derived ectomesenchyme after the split from amphioxus, as an element for epithelial-mesenchymal interactions. The molecular cascades for the interactions may have already been present in the ancestral vertebrates. Although these genes may have already been involved in oral patterning in agnathans, a heterotopic shift must be assumed in the lineage leading to gnathostomes to explain the topographic discrepancy shown at top.
anism that shapes oral protrusions ( jaws and lips) preceded evolution of jaws (Fig. 4) . In some of the Paleozoic agnathans, movable oral plates and lips are thought to be very similar to jaws at the phenotypic level (20) . However, there are no morphologic homologies (1) between jaws and lips that can satisfy both the gene expression patterns and the topographic relationships of the structures simultaneously. Rather, the shared molecular mechanisms are regarded as exaptations (21) for jaw evolution and not as a guide for homology. We conclude that a topographical shift of epithelial-mesenchymal interaction lies behind this difference.
As inferred by the present study, the difference in developmental patterning may partly be due to the caudal restriction of growth factors in the epidermis (Fig. 4 , top). Haeckel (22) has defined such a change in the place of development as "heterotopy." In organisms such as vertebrates, in which epigenetic tissue interaction plays an essential role in morphogenetic patterning, the shift of epigenetic interactions alters the regulatory gene expression patterns in the mesenchyme (9) , which leads to reorganization of tissue morphological identities. Thus, the gene cascades and morphological homology are uncoupled through the process of heterotopy. In this sense, the gnathostome jaw is truly an evolutionary innovation, which appears to have been obtained by overcoming ancestral developmental constraints (23) . What brought about this shift in the regulation of the growth factor-encoding genes requires future study.
